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PhaeodactylumThe diatom algae, responsible for at least a quarter of the global photosynthetic carbon assimilation in the
oceans, are capable of switching on rapid and efﬁcient photoprotection, which helps them cope with the
large ﬂuctuations of light intensity in the moving waters. The enhanced dissipation of excess excitation
energy becomes visible as non-photochemical quenching (NPQ) of chlorophyll a ﬂuorescence. Intact cells of
the diatoms Cyclotella meneghiniana and Phaeodactylum tricornutum, which show different NPQ induction
kinetics under high light illumination, were investigated by picosecond time-resolved ﬂuorescence under
dark and NPQ-inducing high light conditions. The ﬂuorescence kinetics revealed that there are two
independent sites responsible for NPQ. The ﬁrst quenching site is located in an FCP antenna system that is
functionally detached from both photosystems, while the second quenching site is located in the PSII-
attached antenna. Notwithstanding their different npq induction and reversal kinetics, both diatoms showed
identical NPQ via both mechanisms in the steady-state. Their ﬂuorescence decays in the dark-adapted states
were different, however. A detailed quenching model is proposed for NPQ in diatoms.© 2009 Elsevier B.V. All rights reserved.1. IntroductionDiatoms (Bacillariophyceae) are unicellular photosynthetic organ-
isms that play a key role in the biochemical cycles of carbon, nitrogen,
phosphorus and silica. They have a strong impact on the global climate
not only in the ocean, where they are responsible for at least a quarter
of global carbon ﬁxation [1], but also in the freshwater environment.
Diatoms experience large ﬂuctuations in light intensity due to
unpredictable water motions that can vary over several orders of
magnitude on a time-scale of minutes [1–3]. In order to survive the
periodic exposure to high excess light intensities, they developed
mechanisms to dissipate the excess energy by non-photochemical
processes, presumably by some modiﬁcation/reorganization in their
antenna complexes attached to photosystem (PS) II.
The organization of the thylakoid membrane, the light-harvesting
complexes and the pigmentation in diatoms differ from vascular
plants and green algae. Diatoms do not contain granal and stromalhlorphenyl)-1,1-dimethylurea;
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ll rights reserved.thylakoids as the vascular plants do. Their chloroplasts rather contain
one homogeneous thylakoid membrane organized in bands of three
[4]. According to present knowledge, the antenna proteins of PSI and
PSII in diatoms are similar or even identical and they do not
differentiate into PSI and PSII antennae nor into minor and major
complexes as it is the case in vascular plants [5]. Besides chlorophyll
(Chl) a, diatoms contain various Chl c species as antenna chromo-
phores, and fucoxanthin as the major light-harvesting xanthophyll,
which is also responsible for their brown colour. The proteins of the
light-harvesting complexes in diatoms are thus called fucoxanthin-
chlorophyll-binding proteins (FCPs). They are encoded by a conserved
family of fcp genes of more than 5–6 members [6]. Evidence
accumulated on the structural organization of FCPs, showing them
to form higher oligomeric states in the species Cyclotella meneghiniana
and Phaeodactylum tricornutum [7–10]. Two different FCP fractions
can be isolated by sucrose density gradient centrifugation showing
distinct oligomerization and pigmentation patterns. A recent study
presented evidence that ﬂuorescence quenching in one population of
C. meneghiniana FCPs depended on the presence of diatoxanthin (Dtx)
while in another fraction it was not affected by Dtx accumulation [8].
Regarding the distribution of xanthophyll cycle (XC) pigments, Lepetit
et al. [11] could show in P. tricornutum that apart from the highly
enriched FCPs, a population of diadinoxanthin (Ddx) and Dtx is tightly
associated with the core complex of both PSI and PSII, and that de-
epoxidation takes place in PSI as well. The main xanthophyll cycle of
diatoms is the diadinoxanthin cycle (DdC) but the situation in diatoms
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the DdC and the violaxanthin cycles [12]. In the DdC the xanthophyll
Ddx is de-epoxidized into Dtx [13] in a one-step reaction.
In the diatom P. tricornutum triggering of NPQ is assigned to the
DdC [14,15]. A strict correlation between Dtx content and NPQ was
found under most natural conditions [16] and it could not be shown
that a ΔpH alone induces NPQ [17]. However, the proton gradient is
needed during the development of Dtx-dependent NPQ, both for the
de-epoxidation of Ddx to Dtx and for the activation of the Dtx-
dependent NPQ. Once the Dtx-dependent NPQ has been established, it
remains stable in darkness after a high light period even in the
absence of a proton gradient and only relaxes with the epoxidation of
Dtx [18]. These differences suggest a different mechanism of NPQ in
diatoms as compared to vascular plants [for a recent review see 19,20],
because in vascular plants the main part of NPQ (the so-called qE-
quenching) is quickly abolished upon the collapse of ΔpH. A
zeaxanthin (Zx)-dependent NPQ without a proton gradient is
observed in vascular plants if intact leaves are illuminated with high
light for longer time periods [21]. Recently, evidence for an additional,
faster, NPQ mechanism, that is not directly related to the DdC and
relaxes rapidly in darkness, was found in the diatom C. meneghiniana
[22]. This component seems to be missing, however, in P. tricornutum.
An equivalent to the PsbS protein, which in vascular plants is crucial
for NPQ generation and ΔpH sensing [23], has not been found in the
genome of the diatoms Thalassiosira pseudonana [6] or P. tricornutum.
However, the LI818-like protein has been suggested to play the role of
PsbS in diatoms [24]. The search for a functional counterpart of PsbS
still remains an open question in the context of NPQ formation in
diatoms.
Until now, only ﬂuorescence induction kinetics has been used to
study NPQ in diatoms. The information gained from such studies is
limited as far as the exact location of NPQ within PSII or PSI is
concerned. Thus, the main goal of our study is to gain insight into the
NPQ characteristics and in particular the locations of NPQ in the
photosynthetic complexes of diatoms based on ultrafast ﬂuorescence
decay measurements. The ﬂuorescence decay kinetics was measured
for intact cells of both C. meneghiniana and P. tricornutum in order to
understand the differences in NPQ observed for these two diatoms.
The time-resolved ﬂuorescence method combined with target
analysis of the data allows distinguishing between different locations
of quenching, like e.g. quenching occurring in a PSII-attached or a PSII-
detached antenna part.
2. Materials and methods
2.1. Material and growth conditions
C. meneghiniana and P. tricornutum cells were grown at 20 °C with
a light to dark cycle of 14:10 h at a light intensity of 40 μmol photons
m−2 s−1. Algal cultures were obtained from the Culture Collection of
Algae from the University of Göttingen (SAG). P. tricornutum was
grown in ASP medium according to [25] with modiﬁcations
introduced by [26]. C. meneghiniana was grown in silica-enriched
f/2 medium according to [27]. Immediately before measurements
cells were concentrated by centrifugation (3500 ×g) at 4 °C to a Chl a
content of 10 mg l−1. For all measurements performed in the present
study, 10 mM NaHCO3 was added to the algal cultures to ensure
sufﬁcient CO2-supply during the periods of actinic high light
illumination. To ensure that the physiological state of the cells was
not affected by the centrifugation procedure, Fv/Fm values were
calculated from measurements of fast ﬂuorescence rise performed by
means of a handy plant efﬁciency analyser (PEA Hansatech, Norfolk,
England) before and after centrifugation.
FCPs were isolated from dark-adapted cells of C. meneghiniana
and P. tricornutum as described in [7] and [9], respectively. Thylakoid
membranes, suspended in isolation buffer containing 10 mM MES(pH 6.5), 2 mM KCl, 5 mM EDTA, were solubilized with 2% β-
dodecylmaltoside (corresponding to a detergent: Chl ratio of 20) and
separated by density gradient centrifugation on a buffered 0–0.7 M
linear sucrose gradient containing 0.03% β-dodecylmaltoside. The
two fractions of FCP from C. meneghiniana, FCP1 and FCP2 [7] were
collected and analysed separately. Aggregated FCPs were prepared by
incubation of the FCP suspension diluted to 10–15 μg Chl a ml−1
with 200 mg ml−1 Bio-beads SM-2 (Bio-RAD) for 2 h at room
temperature.
2.2. Fluorescence kinetics
Fluorescence kinetics was measured by a single-photon timing
apparatus at several wavelengths on a total volume of 500 ml alga
suspension at a Chl a concentration in the range of approximately 5–
10 μg ml−1. Excitation (662 nm) was provided by a synchronously
pumped cavity-dumped dye laser system with a mode-locked argon
ion laser (Spectra Physics) as a pumping source [28,29]. A fresh alga
suspension was used for each measurement. The cells were pumped
through a ﬂow-through cuvette (cross-section of 1.5×1.5 mm, see Fig.
S1 in Supplemental Material (SM)). The alga suspension was
constantly stirred in the reservoir during measurements in order to
ensure a homogeneous distribution and illumination. Time-resolved
ﬂuorescence decays were measured at several wavelengths under
three different conditions: 1) unquenched dark-adapted cells with
open PSII reaction centres (RCs) (F0). The pumping speed was around
500 ml min−1. 2) Unquenched dark-adapted cells with PSII RCs closed
by addition of 100 μM DCMU (Fmax). The pumping speed was around
50 ml min−1. To ensure that the RCs are closed, low light (100 μmol
photons m−2 s−1 for 1 s) was applied just before the algal suspension
entered the measuring cuvette. 3) Quenched light-adapted cells with
closed PSII RCs (FNPQ). Quenching was induced by irradiation of the
reservoirs with an intensity of ∼600 μmol photons m−2 s−1. Closure
of the PSII RCs was achieved by applying additional strong light of
∼1000 μmol photons m−2 s−1 focused onto the ﬂowing suspension
immediately before it entered the measuring laser beam. The cells
were subjected to this additional light for at least 200 ms. The
intensity was sufﬁcient to saturate the induced variable ﬂuorescence.
The pumping speed was the same as for measuring F0. Cells were
light-adapted for at least 30 min prior to data recording in order to
reach a steady-state quenched ﬂuorescence signal. One measurement
took two to 3 h in order to achieve desired signal-to-noise ratio and
high spectral resolution. In order to test if the physiological state of the
cells remained unchanged during the light treatment, HPLC and
oxygen measurements were carried out on the samples. The
ﬂuorescence decays were analysed by global target analysis [30].
Fluorescence induction measurements were performed indepen-
dently on cultures taken from their growth conditions to observe
the induction of NPQ.
For in vitromeasurements of the ﬂuorescence kinetics, the isolated
FCPs were diluted to A660 =0.3 with isolation buffer supplemented by
an oxygen-scavenging system (65 μg/ml glucose-oxidase (SIGMA),
65 μg catalase (SIGMA), 1.3 mg/ml glucose) and 0.03% μ-dodecylmal-
toside. For aggregated FCP the detergent was omitted. The sample was
placed in a 1 mm cuvette, which was translated during the
measurement to avoid bleaching of the illuminated small volume by
the laser beam.
2.3. Fluorescence induction measurements
Fluorescence induction kinetics of variable Chl ﬂuorescence and
the development of NPQ were monitored with a PAM ﬂuorometer
(Walz GmbH, Effeltrich) on cells adjusted to a Chl a content of 2 μg
ml−1. Saturating light ﬂashes (3500 μmol photons m−2 s−1) with a
duration of 800 ms were applied every 10 s. The cells were dark-
adapted for 2 min before Fmax was determined.
Fig. 1. Fluorescence and NPQ induction kinetics of P. tricornutum (A) and C. meneghiniana (B) cells before and during high light illumination (600 μmol photons m−2 s−1). Saturating
light ﬂashes were applied every 10 s in order to induce Fmax′ (= FNPQ). The corresponding conditions inwhich lifetime measurements have been performed are indicated by red dots.
Table 1
Oxygen evolution of cells taken from growth conditions (control) and after 3 h of high
light treatment.
Sample DESa Ddx+Dtx O2 evolutionb
mM (M Chl a)−1 (mg Chl a h)−1
P. tricornutum
Control 0.06±0.01 404.3±22.94 86.2




Control 0.12±0.02 180±5.15 140.3
3 h HL (600 μmol photons
m−2 s−1)
0.48±0.005 205.1±5.1 148.6
a DES =Dtx/(Ddx+Dtx). Mean values of 3 repetitions, standard deviationb10%.
b After 10 min HL.
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Oxygen measurements were carried out at 20 °C with a Clark-type
electrode (MI730, Microelectrodes Inc., Bedford, NH, USA). Respira-
tion was measured in darkness for 5 min before and 10 min after high
light (HL) treatment, photosynthetic electron transport—during
10 min of saturating actinic light (600 μmol photons m−2 s−1). The
respiration rates in darkness were added to the oxygen production
during HL, so the calculated oxygen evolution rates represent absolute
oxygen production without losses by respiration.
2.5. Pigment analysis
Pigment analysis was carried out by HPLC (Waters, Millipore,
Eschborn) on a Nucleosil ET 250/8/4, 300-5, C18 column (Macherey &
Nagel). Pigments were quantiﬁed according to the methods used by
Wilhelm et al. [31] and Lohr and Wilhelm [26]. Dtx content and
conversion were monitored before and after 3 h of measurement
under FNPQ conditions or 3 h of darkness (F0 measurement).
3. Results
3.1. Fluorescence induction
Average Fv/Fm values for P. tricornutum and C. meneghiniana taken
from growth conditions prior to further measurements were 0.61 and
0.65, respectively. These values were not affected by the concentration
procedure (c.f. Materials andmethods section). As a reference base for
the ultrafast time-resolved ﬂuorescence measurements, ﬂuorescence
and NPQ induction were recorded by a PAM ﬂuorometer in order to
characterize the different adaptation states of the algal cultures. After
the determination of Fmax, actinic light of 600 μmol photons m−2 s−1
was applied (see Fig. 1). In P. tricornutum a steady-state NPQ was
established gradually during 5–6 min of actinic illumination. For C.
meneghiniana, an almost immediate, strong ﬂuorescence quenching
was typically observed, followed by a slight recovery to a constant
level.
3.2. Oxygen evolution and de-epoxidation state
The rate of oxygen evolution was measured on cells taken from
growth conditions after 10 min of darkness and after a prolonged 3 h
HL treatment. Under control conditions the electron transport rates
were 60% higher for C. meneghiniana (140 μmol O2 (mg Chl a) −1 h−1)
(Table 1) as compared to P. tricornutum (86 μmol O2 (mg Chl a) −1h−1). In both diatoms prolonged HL treatment had almost no effect on
the oxygen production, i.e. on the electron transport rates. This
demonstrates that the steady-state ﬂuorescence quenching was
completely based on NPQ and that photoinhibition, which would
have become visible as a reduction of the oxygen evolution after 3 h of
HL illumination, did not contribute to the ﬂuorescence signals during
the ﬂuorescence decay measurements.
Because of the important role of the xanthophyll cycle (and Dtx in
particular) for NPQ in diatoms, the de-epoxidation state (DES) and the
size of the DdC pigment pool (Ddx+Dtx) per Chl awere monitored in
the cells under control conditions, after HL treatment and after
prolonged dark incubation. C. meneghiniana had a higher initial DES,
despite identical growth light intensity for the two algal cultures. It
was shown previously that initial Dtx content modulates the extent of
transient NPQ in C. meneghiniana [22]. For steady-state NPQ, however,
only the DES under HL illumination was of interest. During dark
incubation a gradual epoxidation fromDtx back to Ddx took place in C.
meneghiniana. The DES decreased from an initial value of 0.14 to 0.09
within 3 h of darkness. In P. tricornutum a slight increase in the DES
from 0.05 to 0.06 during darkness was visible. No signiﬁcant changes
in the DdC pigment pool size took place in prolonged darkness (from
404 to 409 (Ddx+Dtx) Chl a−1 in P. tricornutum and from 176 to 180
(Ddx+Dtx) Chl a−1 in C. meneghiniana). Upon HL illumination a
sharp increase in the Dtx content as well as an increase of the overall
DdC pigment pool could be observed for both species (see Table 1).
The increase in the DdC pigment pool size indicates de novo synthesis
of DdC pigments within the duration of the actinic HL period used in
the present experiments [12]. It is important to note that the de-
epoxidation of Ddx to Dtx shown here reached stationary levels after
Fig. 2. Normalized ﬂuorescence decays (on a semilogarithmic scale) at 678 nm for P. tricornutum (A) and C. meneghiniana (B) at F0 (dark-adapted cells), FNPQ (light-adapted cells)
and Fmax (dark-adapted cells with DCMU) conditions.
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when the time-resolved measurements started.
3.3. Ultrafast ﬂuorescence decay kinetics
The ultrafast ﬂuorescence kinetics of the diatom cells were
measured under unquenched (dark-adapted states—F0, Fmax) and
quenched (HL-adapted state—FNPQ) conditions. Fluorescence decays
detected at 678 nm (where PSII ﬂuorescence has its spectral
maximum) are shown in Fig. 2.
C. meneghiniana and P. tricornutum showed very small differences
at best in theﬂuorescencedecaysunder Fmax conditions and essentially
no differences at FNPQ (c.f. Fig. 2). However, their F0 states showed
pronouncedly different kinetics. The average lifetimes τav and NPQ
values (calculated according to NPQ=Fmax/Fmax′−1=τav/τav′−1,
which is typically used to characterize the quenching state of higher
plants [32]) are shown in Table 2.
The extent of NPQ for both species was very similar, with a slightly
higher value for P. tricornutum. The Fmax/F0 ratio for both diatoms
from the lifetime measurements was 2.7.
3.4. Global target analysis
In order to obtain more information ﬂuorescence decays were
analysed by the global target analysis method. The experimental data
were ﬁtted to the kinetic scheme shown in Fig. 3. This scheme allowed
us to separate the overall ﬂuorescence kinetics into contributions from
PSII and PSI and results in a number of rate constants reﬂecting energy
and electron transfer processes. The kinetic models for PSI and PSII are
based on previous results from time-resolved measurements and
ﬂuorescence lifetime analysis of isolated PSI [33] and PSII particles
[34,35] of vascular plants and cyanobacteria. The kinetic schemes with
three PSII and three PSI compartments resulted in a very good ﬁt of theTable 2
Average lifetime τav, ps of the ﬂuorescence decays measured under the indicated
conditions at 678 nm emission wavelength.




F0/FNPQ−1 (NPQ) 1.5 1.1
Fmax/F0 2.7 2.7kinetics of dark-adapted diatom cells with closed RCs across thewhole
wavelength range. The PSII kinetic scheme has one excited state
compartment of antenna and RC and two radical pairs (RPs). PSI is
described by one excited-state compartment, one RP and one “Red”
compartment assigned to red-shifted long-wave Chls [33]. Unlike in
higher plants, where the ﬂuorescence kinetics of PSI requires two
compartments of “Red antenna”, the diatoms appear to have only one
red antenna compartment. The kinetic models are in line with recent
data from the literature where the ﬁrst indications for FCP complexes,
which are speciﬁcally associated with either PSII or PSI are emerging
[11]. It appears that the PSI antenna in diatoms is spectrally not as
diverse as in vascular plants and in that respect resembles more the
PSI antenna of green algae.
3.5. Detached antenna component
The compartment model in Fig. 3 was tested for all conditions: F0,
FNPQ and Fmax. The resulting decay-associated spectra (DAS) are
shown in Figs. 4 and 5 for closed and open RCs, respectively. In general
the model provided excellent ﬁts for Fmax (Fig. 4A, B). However, the
most prominent differences between the dark-adapted and the high
light-adapted conditions are the a) the substantially shorter average
lifetime under NPQ conditions, which is expected, and b) the
appearance of an additional ﬂuorescent antenna compartment, only
present under HL conditions. This new antenna compartment is
functionally disconnected from both PSI and PSII as is clearly revealed
by thekinetic and spectral data. Anymodel that did not allow for suchanFig. 3. Kinetic compartment schemes for PSI and PSII used in the global target analysis of
the ﬂuorescence decays from P. tricornutum and C. meneghiniana. The PSII and PSI
scheme predicts three exponentials for the decay kinetics. For light-adapted cells one
additional single lifetime component (Add) was necessary in the analysis (see SM) to
represent a newly appearing component that could not be ﬁttedwithin the pure PSI and
PSII schemes kD is the rate constant for energy dissipation by non-photochemical
quenching; kCS—rate constant of charge separation reaction, krec—rate constant of
charge recombination. Ant—antenna, RC—reaction centre, RP—radical pair, Red—
compartment, reﬂecting red Chls in PSI antenna [33]. Non-photochemical deactivation
is marked by a curvy arrow.
Fig. 4. Decay-associated spectra (DAS) obtained from global target analysis of the ﬂuorescence decays for P. tricornutum (B, D) and C. meneghiniana (A, C) under dark-adapted Fmax
(A, B) and light-adapted FNPQ (C, D) conditions. The corresponding residual plots for the light-adapted FNPQ condition (C and D), with and without the additional detached antenna
compartment, are shown in the SM. Only ﬁts with the additional detached antenna compartment were satisfactory as judged by the χ2-values and the residuals plots. Note that the
amplitude scales for FNPQ and Fmax cannot be compared directly. Note that the fast PSI components (energy transfer) are negative over most of the wavelength range. Since these
components are not directly relevant for the issue discussed here we are showing only the positive amplitude for better clarity of presentation of the NPQ-relevant components. The
same hold for Fig. 5.
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the two photosystems did not result in satisfactory ﬁts (see SM). The
shape of the ﬂuorescence spectrum (DAS) of this additional component
differs pronouncedly from those of both PSI and PSII. The peak of its
emission spectrum is red-shifted as compared to the normal PSII
emission and showed strongly enhanced emission in the long-Fig. 5.Decay-associated spectra of C. meneghiniana (A) and P. tricornutum (B) at dark-adapted
meneghiniana yielded good ﬁts, however, for P. tricornutum it did not yield satisfactory ﬁts aswavelength range, resulting in a broad plateau in C. meneghiniana
above 700 nm (or peaking at 710 nm in P. tricornutum). The relative
peak amplitudes of the additional component (at 685 nm) to the sumof
the three PSII amplitudes at themaximum of PSII (678 nm)was 24% for
C. meneghiniana and 22% for P. tricornutum. Concomitant with the
appearance of the unconnected antenna component, the relative DASconditions (F0) as calculated with the target model shown in Fig. 3. The modelling for C.
judged by the χ2-values and the residuals plots (c.f. SM Figs. S2–S4). See note in Fig. 4.
Table 3
Average lifetimes of the PSII compartments and non-photochemical deactivation rate
kD, ns−1 of the PSII antenna under dark-adapted and NPQ conditions.









Fig. 6. Fluorescence emission spectra of solubilized and aggregated FCP from C.
meneghiniana, normalized at the maximum. FCP was solubilized in 10 mM MES (pH
6.5), 5 mM EDTA, 2 mM KCl, 0.03% β-DM. For aggregation the detergent was removed
using Bio-beads (Bio-Rad). The spectra are recorded using a CCD-array spectrometer
(USB2000, OceanOptics) in a 0.1 cm cuvette with 470 nm excitation wavelength.
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compartment must derive from a functional detachment of part of the
PSII antenna under HL conditions. It has to be noted that the exclusion
as a separate compartment of this functionally uncoupled antenna
ﬂuorescence from the modelling rendered the ﬁts completely unac-
ceptable (see SM).
3.6. Non-photochemical deactivation rate constant kD
Within the PSII model (Fig. 3) the most important rate constant,
directly characterizing the quenching in the PSII-attached antenna is
kD, which represents the effective total non-photochemical deactiva-
tion rate of the PSII antenna. Under HL conditions both C.
meneghiniana and P. tricornutum exhibited a nearly three-fold increase
in kD from 0.7ns−1 in the unquenched state to 1.9 ns−1 in the
quenched state (Table 3).
3.7. Species differences in the kinetics for dark-adapted diatoms with
open reaction centres
It should be noted that the ﬂuorescence kinetics of dark-adapted
cells with open RCs (F0) cannot directly serve as an “unquenched”NPQ
control (unlike the dark-adapted state Fmax with PSII RCs closed by
DCMU). In this state the excited state lifetime is shortened due to
photochemical quenching, i.e. trapping of the excitations by the RCs.
Nevertheless the kinetics in this state allows important insights into
the state of unquenched dark-adapted cells. The target analysis for
dark-adapted C. meneghiniana is shown in Fig. 5A. The average
lifetime was 295 ps and the kinetics could be ﬁtted well using the
target model depicted in Fig. 3, without requiring any additional
unconnected compartment.
The analysis of the dark-adapted P. tricornutum kinetics, however,
was much more difﬁcult. The compartment scheme of Fig. 3 did not
work for P. tricornutum under F0 conditions. In addition, the PSII
lifetimes were rather long for PSII with open RCs, suggesting that
some PSII RCs are actually closed. The ﬁts were quite unsatisfactory in
general and allowing for an unconnected compartment—typical for
the quenched state, see above—did also not improve the quality of the
ﬁts signiﬁcantly (see DAS in Fig. 5B).
3.8. Fluorescence of isolated FCP
The ﬂuorescence properties of FCP were probed in vitro on
complexes isolated from the two diatom species. The ﬂuorescence
decay kinetics, measured by single-photon counting, could be ﬁtted
with three exponential decay components. The resulting lifetimes andTable 4
Fluorescence lifetimes (ns) and relative amplitudes of isolated FCPs at 678 nm.
FCP τ1 τ2 τ3 τav
P. tricornutum 5.6 (77%) 1.8 (22%) 0.13 (1%) 4.7
C. meneghiniana 5.5 (76%) 2.6 (22%) 0.29 (2%) 4.7their relative amplitudes at 678 nm are presented in Table 4. The
reported values for C. meneghiniana represent the FCP1 fraction but
the results obtained with FCP2 were not signiﬁcantly different. A 5.5–
5.7 ns lifetime component dominated the kinetics of both diatoms,
whereas the shorter components, ranging from 130 ps to 2.6 ns had a
relatively minor contribution. Regardless of some differences in the
ﬁtted lifetimes, the average lifetimes were identical, i.e. ∼4.7 ns for
both P. tricornutum and C. meneghiniana and no signiﬁcant differences
in the excited-state decay of isolated FCPs from the two species were
observed. We note that the measured average lifetimes in these in
vitro preparations could be longer than the actual natural lifetimes if
the complexes are not completely intact or if there are signiﬁcant
amounts of free chlorophylls in the solution. The latter possibility
would however usually be characterized by a separate long lifetime
component with a peak at shorter wavelength, which is not the case.
It is well known that oligomerization of isolated plant light-
harvesting complexes in vitro leads to a drastic reduction of the
ﬂuorescence lifetime [36] and to distinct changes in the ﬂuorescence
spectrum, particularly enhanced emission in the far-red region [37]. To
checkwhether such spectral changes also occur in FCPs we aggregatedFig. 7. Proposed quenching model for diatoms showing the two different quenching
locations denoted as Q1 and Q2. Under excess light the Q1 site is established by Chl–Chl
interactions between detached FCP antenna complexes (marked with red bars). Their
ﬂuorescence is detected as the additional component in Fig. 3. The Q2 site is proposed to
be activated in the PSII-attached antenna by Dtx.
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Beads. In FCP aggregates prepared this way the ﬂuorescence yield
dropped as much as 20-fold. Strikingly, the steady-state emission
spectra of the in vitro complexes (Fig. 6) revealed both features
characteristic for the decay-associated spectrum of the detached
antenna compartment observed in intact cells: a slightly red-shifted
maximum, relative to the spectrum of solubilized FCP, and a marked
enhancement of the ﬂuorescence intensity between 700 and 750 nm.
4. Discussion
4.1. Dark-adapted state
In our experiments the largest differences between the two diatom
species C. meneghiniana and P. tricornutum were observed in dark-
adapted cells with open RCs. The former species behaved normally
(showing a homogeneous state according to the kinetic model) and
the kinetics could be described well within the model scheme (Fig. 3).
However the kinetics of P. tricornutum did not appear to reﬂect open
RCs under our conditions (Fig. 5b). The long lifetimes in target analysis
of P. tricornutum cells suggest that some PSII RCs are closed. From the
literature it is known that chlororespiration can take place in diatoms
in the dark [38]. It leads to reduction of the PQ pool [for review see 39],
which is in equilibrium with QA. Therefore, we suspect that in the
dark-adapted P. tricornutum cells part of the PSII RCs were closed by
chlororespiratory electron ﬂow. The resulting ﬂuorescence decay,
representing a mixture of open and closed PSII RCs, then has a very
complex kinetics that cannot be easily analysed. In Fig. 2 ﬂuorescence
decays at 678 nm of C. meneghiniana and P. tricornutum in the
quenched state (FNPQ) and P. tricornutum in the unquenched state
(Fmax) appear to result in very similar kinetics. However, the more
detailed target analysis taking into account the kinetics over the
whole wavelength range in fact shows that the kinetics of C.
meneghiniana and P. tricornutum in the quenched state (HL condi-
tions) differs substantially from the kinetics of P. tricornutum cells
when all PSII RCs are open.
The slight increase of the DES during 3 h of dark incubation in P.
tricornutum cells (Table 1) is also in line with previous observations of
a chlororespiratory electron ﬂow in P. tricornutum [40]. From the
epoxidation of Dtx observed in darkness, it appears that the
establishment of a chlororespiratory proton gradient does not occur
in C. meneghiniana however. Furthermore, there is strong evidence
that in C. meneghiniana, unlike P. tricornutum, the non-photochemical
electron transport from NAD(P)H into the PQ pool is not accompanied
by the generation of a proton gradient, leading to the conclusion that a
type 2 NAD(P)H dehydrogenase (Ndh-2) is active in this species [41].
This would explain the difference in ﬂuorescence kinetics between
P. tricornutum and C. meneghiniana in darkness where a non-
photochemical ΔpH activates the Ddx-de-epoxidase in P. tricornutum,
but no ΔpH is formed in C. meneghiniana.
4.2. The NPQ quenching model
4.2.1. Two quenching sites and mechanisms
Wewill in the following develop and propose a detailed quenching
model for diatoms. Several parts of this model are directly proven by
the results of the time-resolved ﬂuorescence data (Fig. 7). The parts
we have clear evidence for are: i) two different locations, one in the
PSII-attached antenna and the other in an antenna part that has been
functionally detached from PSII during HL adaptation, are responsible
for the total NPQ in diatoms. ii) The PSII-attached quenching
mechanism (quenching site Q2) increases the deactivation rate kD in
the antenna of PSII, which is a direct ﬁtting parameter of the model, as
compared to the unquenched state by a factor of about three, thus
protecting PSII. iii) Part of the PSII antenna is functionally detached
from PSII during HL adaptation and also quenched (quenching siteQ1). This antenna detachment follows from the concomitant decrease
of the PSII amplitude and appearance of detached antenna amplitude
upon HL adaptation. The lifetime of the detached antenna parts in vivo
in the range of 300–400 ps is much shorter than the lifetime of
isolated FCP antenna complexes (4–5 ns, Table 4) or the average PSII
unit lifetime in dark-adapted cells with closed RC (1.5 ns, Fig. 3).
While our data for the quenching locations and effects described so
far are very clear, some other parts of our proposed quenching model
(Fig. 7)—in particular the actual photochemical quenching mechan-
isms—are at present more speculative and will require additional
checks. One possible quenching mechanism of the FCPs which
undergo functional detachment from PSII is formation of inter-
complex pigment–pigment interactions, much like those which
occur in aggregated FCP in vitro. Substantial evidence for such a
mechanism is provided by the similarity in the spectral and lifetime
changes accompanying the detachment of FCP in vivo (Fig. 4) and the
aggregation of FCP in vitro (Fig. 6). We thus hypothesize that the
detached antenna complexes in intact cells interact with each other in
a similar manner as they do in aggregated FCP in vitro. This hypothesis
is well supported by recent experiments on in vitro oligomerization of
the LHCII complex of vascular plants. There oligomerization gives rise
to a ﬂuorescence component of similar lifetime (about 400 ps) which
has a red-enhanced spectrum as compared to trimeric LHCII [37]. The
same spectrum and lifetime have been found under NPQ conditions in
intact leaves of Arabidopsis w.t. plants and it has been concluded that
in vascular plants the detachment of parts of the LHCII complex and
their oligomerization represents an important part of the total NPQ
[37].
The shapes of the DAS of the functionally detached components in
the red region are somewhat different for the two diatoms. P.
tricornutum has a red peak at 710 nm, whereas C. meneghiniana has
a broad emission peaking around 730 nm. This suggests that there
exist speciﬁc differences in the FCP subpopulation II between these
two diatom species. Given the differences in the FCP organization
between P. tricornutum and C. meneghiniana [9] this is very likely the
case.
4.2.2. Location of the quenching sites
In order to explain the detachment of only part of the PSII antenna
under high light we assume the existence of two subpopulations of
PSII antenna, likely containing different gene products. One of them,
FCP subpopulation I, stays attached to PSII and is quenched under HL
(quenching site Q2), while the other, subpopulation II, can detach
from PSII (quenching site Q1). It has been reported that two kinds of
FCP antenna subpopulations exist and can be isolated from C.
meneghiniana [7]: FCPa, which forms trimers and can be quenched
in vitro by Dtx [8], and FCPb, which forms higher-order oligomers
and seems unaffected by the XC. There is also evidence that an XC-
independent NPQ mechanism exists in P. tricornutum in the work of
Eisenstadt et al. [42]. Our observations on higher plants lead to the
conclusion that the quenching of the PSII-attached antenna (Q2) is
dependent on the formation of Zx, whereas the quenching of the
detached antenna (Q1) is independent of the XC (unpublished
results). On the basis of these ﬁndings and the results of Gundermann
and Büchel [8], we speculate that the quenching described by the
changes in kD of the PSII-attached antenna (Q2) is triggered by the
formation of Dtx and takes place in FCP subpopulation I, which in C.
meneghiniana is probably the trimeric FCPa. In our measurements the
activity of this quenching site was the same for C. meneghiniana and P.
tricornutum. Based on our present data, we cannot provide further
information for the actual photochemical mechanism of the
quenching.
FCP subpopulation II, which is detached from the PSII core under
excess light conditions, is suggested to be quenched by inter-complex
pigment–pigment interactions, similar to those in aggregated com-
plexes in vitro. Subpopulation II may be identical with the oligomeric
1196 Y. Miloslavina et al. / Biochimica et Biophysica Acta 1787 (2009) 1189–1197FCPb in C. meneghiniana, which was shown to be insensitive to the Dtx
content [8]. Interestingly P. tricornutum does not seem to contain
FCPb, however at least some FCPs of this species may exist as higher-
order oligomers as well [9–11]. In view of the similarity of the
quenching sites Q1 in both diatoms it thus also appears possible that
the C. meneghiniana FCPb is not involved in either of the two NPQ
mechanisms. Further experimental work with genetically engineered
diatoms is needed to unequivocally identify the speciﬁc FCPs
responsible for the two quenching mechanisms.
Comparing the data for FNPQ and Fmax conditions in Fig. 4, we also
note that the amplitude of the long-lived PSI component relative to
the total amplitude of PSII components (amplitudes of PSII compo-
nents plus detached antenna component) taken at their respective
maxima increases by about 20%, along with a slight decrease of the PSI
lifetime (from 88 ps to 71 ps in P. tricornutum and from 93 to 65 ps in
C. meneghiniana). Two possibilities exist to explain this phenomenon:
either a change in spillover from PSII to PSI occurs under NPQ
conditions, or a state transition. In the ﬁrst casewewould expect some
PSI spectral component with the lifetime of the PSII components. This
does not seem to be the case. However we cannot entirely exclude the
possibility of a state transition contribution. For example, if about 10%
of the FCP antenna would change its connection from PSII to PSI we
could fully explain the effect. This could be physiologically relevant.
Unfortunately we could not ﬁnd any reliable information regarding
state transitions in diatoms in the literature. This point thus remains
open at the moment. It is important to note however that any of these
possibilities would not affect any of the mechanisms and conclusions
that we have drawn above with respect to the locations of the true
NPQ quenching effects.
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